Summary: A technique is described for estimating the po sition of the intercommisural line (AC-PC line) directly from landmarks on positron emission tomographic (PET) images, namely the ventral aspects of the anterior and posterior corpus callosum, the thalamus, and occipital pole. The relationship of this estimate to the true AC-PC line, fitted through the centres of the anterior and poste rior commissures, showed minimal vertical and angular displacement when measured on magnetic resonance im aging (MRI) scans. Using regression analysis, the ease and reliability of fitting to these points was found to be high. This directly derived AC-PC line estimate was valWith the increasing spatial and temporal resolu tion of positron emission tomography (PET) tech niques, neurophysiological questions formulated in terms of functional anatomy can be answered with greater precision. Differences in local or genera lised metabolic activity or other functional variables may be measured by comparing the brain in two different states. These differences may only be come apparent when large numbers of scans from many subjects are pooled. Furthermore, differences characterising pathological groups may not be valid unless they can be demonstrated consistently for a large number of patients.
With the increasing spatial and temporal resolu tion of positron emission tomography (PET) tech niques, neurophysiological questions formulated in terms of functional anatomy can be answered with greater precision. Differences in local or genera lised metabolic activity or other functional variables may be measured by comparing the brain in two different states. These differences may only be come apparent when large numbers of scans from many subjects are pooled. Furthermore, differences characterising pathological groups may not be valid unless they can be demonstrated consistently for a large number of patients.
ida ted in terms of the assumptions used in the method of Fox et al. The ratio of distance between the AC-PC line and a line passing through the base of the inion (GI line) to total brain height was 0.21, as predicted. The technique has been further validated by localizing focal activation of the sensorimotor cortex. The technique is discussed in terms of absolute limits to localization of structures in the brain using noninvasive tomographic techniques in gen eral and PET in particular. Key Words: Intercommisural line-Positron emission tomography-Magnetic reso nance imaging.
One of the requirements of valid intersubject comparison is a technique that standardizes the source of any signal in terms of the anatomical re gion from which it arises. This differs from identi fying the exact location of a signal for one subject as, for example, a prelude to neurosurgery. In in tersubject comparison, there are two variances that have to be considered: first, the normal deviation from anatomical congruence, and second, the vari ability in the location of function on a gross ana tomical leveI. This places the emphasis on develop ing a swift, reliable, and easy way of transforming the functional image coordinates to standard ana tomical coordinates. Findings can then be inter preted within the limits of the technique's error.
A proportional system of intersubject averaging, based on localising an estimate of the AC-PC line (a line passing through the centres of the anterior and posterior commissures) using the skull radiograph, has been described (Fox et aI., 1985) . The AC-PC line is important as a standard reference in most brain atlases. In this approach, the AC-PC line is estimated through a constant spatial relationship with anatomical landmarks on a skull radiograph taken at the same time as the PET scan. Any posi tion in the PET image can then be transformed with reference to this line into a locus on a standard an atomical atlas. This technique is simple and avoids the discomfort of a computed tomography (CT) or magnetic resonance imaging (MRI) scan (with ex ternal fixation). Nevertheless, it requires x-ray ra diology and the added uncertainty inherent in trans ferring the coordinates derived from the radiograph to the PET scan. Cross-modal comparison depends on the exact spatial register of the scanned head in relation to both detector systems. This is a potential source of error that in practice is not negligible.
The resolution of modern PET scanners may now be sufficient to allow reference planes to be identi fied directly from the PET image. In addition, cur rent PET scanners have no interplane dead space. This allows a volume image of the brain to be dis played with the same resolution in all dimensions. This capability enormously facilitates reliable iden tification of anatomical structures and circumvents the need for cross-modal comparison and its atten dant difficulties.
The ventral aspects of the posterior and anterior corpus callosum (CCant, CC p ost), the ventral aspect of the thalamic nuclei (TN), and the occipital pole (OP) can all be located, by inspection, on coronal and sagittal PET images. This is so for regional ce rebral blood flow (rCBF), metabolic images, and also for tracers of non-flow-related variables, if ap propriate frames are collected as a function of time. On inspection, the above four structures appear to have a consistent relationship to the AC-PC line and may provide reliable landmarks for estimation of an anatomically relevant reference plane.
To test this hypothesis, the relationship of the CCant, CC p ost' TN, and OP and the AC-PC line was examined on MRI scans. To assess the ease and reliability of estimating the AC-PC line, the vari ances about the regression of height of these points on their anterior-posterior (AP) position were ana lyzed.
The validity of this estimate was tested in two ways. First, the method was compared with that of Fox et al. (1985) . Their findings suggest a constant relationship between the AC-PC line and a line con necting the most anterior point of the glabella to the midpoint of the base of the inion, the GI line. This relationship is used to estimate the AC-PC line hav ing located the GI line on a radiograph of the cor responding skull. The relationship between esti mates of the AC-PC line from PET images and the landmarks used by Fox et al. (1985) can, in part, be measured as the midpoint of the base of the inion is clearly seen on the PET transmission scan [the glabella is less clearly seen or outside the field of view (FOV) in many PET scans and was therefore not considered as a useful reference point].
Validity was further assessed using the technique anatomically to localize focal activation of the sen sorimotor cortex. This is a harsh test since this area lies some distance away from the reference plane and in an area whose morphology is naturally vari able. The distribution of these points was then com pared to the variation in normal anatomical congru ence according to a standard atlas (Talairach et aI., 1967) .
METHODS
The image resolution of the cn PET scanner, model 931-08/12, used in these studies was 6.1 mm (transaxial) and 5.9-6.6 mm (axial) full-width at half-maximum (FWHM) in the centre of the field of view (Spinks et aI., 1988) . Images were reconstructed using a ramp and han ning filter with a cutoff frequency of 0.5 cycles per pixel. The images were zoomed by a factor of 2.29, resulting in an effective pixel size of 2.05 mm and a resolution of 8.5
mm. Measured attenuation corrections were made with the ratio of counts in blank and transmission scans ob tained using a 68Ge ring source. The 15 planes obtained had an interslice interval of 6.75 mm and, after derivation of the parametric images, were interpolated to 43 planes. This results in a voxel height of 2.25 mm. Data analysis was performed on a Sun workstation (3/60) using an in teractive image analysis software package (ANALYZE, Biodynamic Research Unit, Mayo Clinic, Rochester, MN, U.S.A.). The transmission scans lasted 10 min, re sulting in about 108 counts per slice. For the dynamic measurement of rCBF, Cl50Z was inhaled at 6 MBq/ml for 2 min at an administered flow rate of 500 mllmin.
Relationship of estimated AC-PC line to true AC-PC line
MRI scans from 20 subjects, all judged to be normal in the midsagittal plane by a neuroradiologist, were exam ined. The AC-PC line was placed through the centres of the anterior and posterior commissures. The estimated AC-PC line was placed to pass through the occipital pole, underneath the most ventral extent of the anterior and posterior corpus callosum and beneath the thalamus. The relationship of the estimated and true AC-PC line was measured in terms of the horizontal and vertical displace ment of the centres of these two lines and the angle be tween them. Horizontal and vertical displacements were calculated as the percentage of total length and height to the inner table of the skull from the true AC-PC line, respectively. A positive angle denotes anterior conver gence of the two lines.
Validation in terms of the relationship to the GI line

Placement of the estimated AC-PC line
Parametric PET scans of cerebral blood flow were ob tained from identified normal subjects using the steady state oxygen technique (Frackowiak et aI., 1980) . The K. 1. FRISTON ET AL.
coronal planes (y) in which the four points of interest lay were identified from the midsagittal plane, namely the CCant, CCpost' TN, and the OP. The height (z) of these points was estimated (Fig. 1) . A line of best fit was cal culated using simple linear regression, given the y and z coordinates of the above points. To estimate how easy it is to fit the line by inspection, the pooled variance about each regression was calculated. To give an indication of how reliable each of the four points was in helping fit the line, the total sum of squares (SSQ) of distance from the regression was calculated for each point.
Relationship to the GI line Fox et al. (1985) have measured the relationship of the AC-PC and GI lines on 15 MRI images of normal sub jects. They found that these lines were effectively paral lel, with a mean angle of LOse (anterior convergence). The ratio of the distance of the GI and AC-PC lines to the height of the brain (Zma x ) had a mean value of 0.21.
A line was placed on PET transmission scans collected for calculation of rCBF images passing through the base of the inion with 1° convergence to the estimated AC-PC line. The distance between this estimate of the GI line and the AC-PC line was measured at the midpoint of the AC PC line. This was expressed as a ratio of Zma x measured to the inner table of the skull, at the vertex, from the GI line, on the transmission scan.
The distribution of these ratios was compared with the findings of Fox et al. (1985) .
Validation using focal activation
PET scans using a dynamic measurement of rCBF (Lammertsma et aI., in preparation) with C1502 were obtained while 12 subjects (6 normal subjects with no neurological or psychiatric history or symptoms and 6 patients with early Parkinson's disease) performed self-paced sequential arm move ments (clenching of the fist followed by flexion at the elbow and then extension and lastly unclenching the hand). This procedure was expected to activate the sensorimotor cortex around the central sulcus in the arm hand areas. The coordinates of centres of focal activation were recorded. For most subjects, two or three discrete centres were seen, corre sponding to the hand and arm areas (one centre in five subjects, two centres in five subjects, and three centres in two subjects), 21 centres of activation in This is the estimated Gl line. Fox et al. (1985) have calculated the mean ratio of distance between the GI and AG-PC lines (D) and the total brain height (Zmax) = DIZmax ' On MRI scans, this value is 0.21. total. These 21 position vectors were rotated, trans lated, and resized according to the size of the brain (in all three dimensions) and with reference to the estimated AC-PC line fitted to CCant> CC POSI' TN, and the OP. The transformed vectors were used to locate the points on the standard anatomical atlas (Talairach et aI., 1967) . The points were plotted on transverse and lateral views of the brain. For the latter, the variability of position of the central sul cus measured in 20 brains by Talairach et al. (1967) was also plotted (Fig. 2) .
RESULTS
Relationship of estimated AC-PC line to true AC-PC line
On the MRI scans, the midpoint of the true AC PC line was consistently anterior to the midpoint of the estimated AC-PC line. The mean percentage difference was 3.5% (SD of 1.8%). The vertical dis placement between these points was minimal at 0.67% (SD of 2.32%) of the brain height from the The lines were effectively parallel, with a mean angle between them of 0.13° (SD of 2.65°).
Placement of AC-PC line on PET images
The pooled variance about the (10) individual re gressions or fits was 0.593 pixels (1 pixel = 2.25 mm for the z axis). This corresponds to a standard deviation of 0.77 pixels. If a parametric distribution of the four points about the line is assumed, then on 95% of occasions the points will lie within 1.96 SD or 1.51 pixels of the line. This finding suggests that the line could and should be fitted by inspection.
The SSQ for each point shows that the estimate for the ventral aspect of the posterior corpus callo sum is about an order of magnitude more variable in its relationship to the line of best fit for all four points. The SSQ for CCpost was 10.40 compared with a range of 1.18-4.17 for the remaining three points (Fig. 3) . 
Relationship to estimated GI line
The ratio of vertical distance from GI to AC-PC line estimated at the latter's midpoint to Zmax is exactly that predicted by the assumptions of Fox et al. (1985) ( Table I) .
Focal activation studies
It can be seen from Fig. 2 that all of the centres of focal activation fall within the range of position of the central sulcus for 20 normal subjects on the lateral view. The relationship of transverse sections to the average position of sensory and motor cortex is shown. It is seen how well these points are loc alised by the good correspondence between their distribution and the course of the Rolandic vein in one subject.
DISCUSSION
There is a constant relationship between the AC PC line determined from MRI scans and a line fitted to the CCant> CC p ost, TN, and OP on PET scans, with minimal vertical or angular displacement. The midpoint of the true AC-PC line (midpoint between the two commissures) is 3.5% of the total AC-PC Fox et al. (1985) and the current method line length anterior to the midpoint of the AC-PC line estimate. The heights of the latter points are identifiable on coronal parametric PET images. The y and z coor dinates of these four points allow fitting of an AC PC line estimate. In 95% of situations, all four points will lie within 1.5 pixels of this line and con sequently fitting can be done by inspection. The estimate for the ventral aspect of the posterior cor pus callosum shows the greatest variability in its relationship to the line of best fit. Although this point bears the least consistent relationship to the estimated AC-PC line, it still contributes informa tion and increases the confidence of localization. The authors feel that although the posterior corpus callosum is less reliably identified, its validity is not directly affected and it should be used in estimating the AC-PC line.
Using PET transmission scans, this estimate has been partially validated in terms of the assumptions used by Fox et al. (1985) . The ratio of height of the AC-PC estimate above the GI line to total brain height was that predicted.
The estimate has been further validated in its use as a reference line in localising focal activation of sensorimotor cortex. The estimated localisations fell within the range of normal anatomical variation.
The sources of variance that contribute to the error in localising a signal on PET images from dif ferent subjects include (a) scanner resolution, (b) head movement, (c) placement of the reference plane, (d) normal variation in position of the refer ence plane, (e) differences in brain size, (t) normal deviation from proportionality, (g) pathological changes in morphology, and (h) localisation of func tion-variability in functional anatomical corre spondence.
It is important from the point of view of interpre tation and choice of local ising technique that the relative sizes of the above contributions are known. The argument in favour of using the described method relies on there being an absolute lower limit on the total variance [from (d), (t), (g), and (h)] that is much greater than variability introduced by the procedure [(a), (b), and (c)].
The variance from linear difference in brain size is removed by proportional rescaling of position vectors so that they correspond to a standard brain. For PET scans (unpublished data), the amount of variability in position due to differences in brain size (linear) is an order of magnitude greater than deviation from proportionality (nonlinear). In other words, even if all brain images were the same size, there would remain a small difference, from brain to brain, due to nonlinear variations in shape. Mea-surements of cortical and subcortical (putamen) lat eral distances from the midline in eSF]DOPA PET scans were compared. The ratio of total variance in the subcortical measurement to the variance left af ter correcting for brain size, using the cortical dis tance, was 9.67.
In terms of the variance introduced by errors in placement of the reference plane, it is noted that for the vertical (z) and AP (y) domains the error is not constant throughout the brain. The angular error (SD <!» will contribute to the z axis at the occipital and frontal poles and to the y axis at the vertex. For the sensorimotor cortex at 50 mm above the AC-PC line, the standard deviation in placement for the y axis (SDytotal) receives contributions from the hori zontal displacement (SD y 
An estimate of the total variance in position y is given by Fig. 2b-c . In these two plots, the variance in y is 48.13 mm (SD = 6.94 mm). This is signifi cantly greater than could be accounted for by Eq.
(1), where the variance is 12.6 mm (SD = 3.54 mm) (F = 3.819, df 13,19, p < 0.001). In short, the error introduced by using a plane of reference to localize signals in PET scans is small compared with the variation in normal anatomy and functional locali sation. Interpretation, and the size of region of in terest used, must take the latter variation into ac count.
The source of positional variability due to patho logical changes in morphology remains a difficult area and reference to a standard atlas, which as sumes proportionality and symmetry, will never be ideal. The method described above introduces a small error in position that is less than the error due to differences in brain shape across normal sub jects. It has been developed for use with intersub ject averaging or data pooled from many subjects. An individual with abnormal structural changes should be investigated using alternative methods, such as comparison with MRI scan. The advantages of the described estimation of the AC-PC line are primarily speed and ease of use and lack of dependence on a second spatially incongru ent imaging system. The method does, however, depend on relatively high resolution PET images and a fast interactive display of orthogonal planes to facilitate reliable measurements.
At present, the council of perfection is to localise a signal to a precise anatomical region by perform ing individual MRI scans on all subjects using ex ternal fixation. There are obvious practical and eth ical drawbacks to this approach for many studies. The matching of MRI and PET scans is itself a ma jor computational problem that, despite recent sur face-fitting algorithms, needs to be solved and val idated.
When a group by group comparison is required, the described method is justified, in that the extra error introduced is small compared to normal vari ation. Historically, the resolution of PET images has been progressively improving. We think identi fication of reference planes directly from the PET image is now viable. Identification of this reference plane is the basis of anatomical localisation that is vital to the interpretation of many PET studies.
